The use of integrated photonic structures to tailor the behavior of light is extremely promising for optimizing performance and for introducing advanced functionalities into optoelectronic devices. We demonstrate a powerful method based on photonic-band engineering which allows the optimization of the resonator quality factors of devices operating on band-edge photonic-crystal states. We also show that carefully designed -shifts in two-dimensional photonic-resonators give enhanced beam properties. The application of these general techniques to terahertz quantum cascade lasers yields improved maximum operating temperatures, and angularly narrow, single-lobed surface emission of Ϸ12°ϫ 8°. The devices operate at Ϸ2.8/2.9 THz, with peak output powers of 5 mW at 78 K. © 2010 American Institute of Physics. ͓doi:10.1063/1.3273056͔
Terahertz ͑THz͒ frequency quantum cascade ͑QC͒ lasers are compact semiconductor sources, which currently operate over the frequency range from 1.2 to 5 THz ͑ = 250-60 m͒.
1 They have promising applications for astronomy, imaging, and spectroscopy. The highest reported operating temperatures for THz QC lasers have been obtained using highly-confining double plasmon waveguides, 2 commonly called metal-metal waveguides. However, their extreme light confinement yields an emission pattern from the device end facet which suffers from a marked lack of directionality. 3 This lack of symmetric and low-divergence far fields is a critical issue for applications, thus explaining the attention paid recently by the international research community to "beam-shaping." For example, the emission patterns can be improved by attaching horn antennas onto the resonator facets, 4, 5 by using microdisks/microrings with a radial grating acting as an out-coupler, 6 or by using third order distributed-feedback lasers. 7 Alternative strategies employ one-dimensional 8, 9 or two-dimensional ͑2D͒ photonic crystal ͑PC͒ structures 10 and lead to surface emission, and to angularly narrow-but not single-lobed-output patterns.
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In this letter, we demonstrate a powerful and general method based on photonic-band engineering to optimize simultaneously the resonator in-plane quality factor ͑Q ʈ ͒ and thus the performance of PC ͑THz͒ lasers, and to achieve angularly narrow, single-lobed emission from the device top surface. Furthermore, the output is spectrally single-mode. Figure 1͑a͒ shows a schematic diagram of the device structure and its operation. The laser active core is sandwiched between two metallic plates as follows: the photoniccrystal, patterned on the top metallization, acts simultaneously as resonator and out-coupler for the cavity photons through a second order diffraction process. It is not necessary to etch into the semiconductor through the holes in the upper metal layer, greatly simplifying the processing. The QC laser structure ͑L207͒ is GaAs/AlGaAs-based with nominal emission centered at a frequency of 2.7 THz. Details of the growth and heterostructure design can be found in Ref. 11.
Furthermore, as described in Ref. 10, Mur's absorbing boundary conditions can be, and have been here, experimentally implemented at the edge of the PC resonators, making use of the elevated absorption of the doped, semiconductor top contact layers.
The objective of our work is to devise a general strategy to improve the Q ʈ -factor of PC band-edge devices, and to achieve an angularly narrow, single-lobed surface output farfield profile. Angularly narrow, single-lobed surface emission a͒ Electronic mail: raffaele.colombelli@u-psud.fr. can be obtained by introducing a -shift phase-delay into the PC structure. 12, 13 As the triangular photonic lattice of Ref. 10 does not easily permit this, we employed a square photonic lattice, which naturally suits the implementation of a -shift.
14 The Q-factor optimization is instead inspired by a graded-lattice approach, in which the hole-radius is varied across the lattice 15 -a concept that was originally developed for PC microcavity modes, typically in the presence of a full photonic gap. We demonstrate here, however, its extension to lasers operating on low-group velocity states of the photonic structure, commonly called band-edge lasers; grading the PC structure then results in a "gentle" confinement of the electromagnetic field inside the PC resonator. One of the novelties of this work is that these advanced photonic-band engineering techniques are applied to active devices operating under electrical injection. The Q ʈ -factor optimization then leads to a reduction in the device size, and therefore injected electrical power, which is critical for future development of THz QC lasers.
Figures 1͑b͒-1͑e͒ show photographs ͑top surface͒ of four families of fabricated devices. Figures 1͑b͒ and 1͑c͒ show the standard device, with and without Q ʈ -factor optimization, respectively. Figures 1͑d͒ and 1͑e͒ show devices with the -shift inclusion, again with and without Q ʈ -factor optimization. Traditionally, phase-shifts have been introduced by increasing/decreasing the distance between two holes by half a period. 8, 13 We have modified this strategy in order to obtain improved single-lobed far-field emission; every hole on the central vertical line has been split into two parts, and then separated by half a photonic-lattice period ͓see Figs. 1͑d͒ and 1͑e͔͒. It can be shown, that a squarelattice PC device of this kind tends to lase on the monopolar band-edge state at the ⌫-point of the photonic band structure, which has the highest Q-factor. Since the energy maxima are localized in the holes ͑monopolar mode͒, our design of the -shift induces only a limited field perturbation over the whole structure. A bonding wire is needed for current injection. To avoid distortion to the device emission pattern ͑as observed in Ref. 10͒, small bonding pads are introduced at two mesa corners. These pads are very unlikely to lase as microcavities since absorbing boundary conditions have been left in place around them, and we have previously shown in Ref. 16 that microcavities of this kind are not functional.
Reducing the device surface area leads to a reduction of the operating current, which is in general favored for applications ͑reduced power consumption͒. The devices presented in this work have the same area as a 2 mmϫ 120 m ridge waveguide ͑roughly 40% smaller than the devices presented in Ref. 11͒. Owing to the long wavelength of light in the THz frequency range, however, the small cross-sectional area leads to a reduced number of photonic-lattice periods. In the present work, only seven periods are incorporated from the center of the PC structure ͓see Figs. 1͑b͒-1͑e͔͒ , Such a reduction in photonic-lattice periods lowers the device Q ʈ -factor, leading to increased threshold current density ͑J th ͒ and reduced maximum operating temperature ͑T max ͒. The optimization of the PC resonator quality factor is thus clearly a crucial issue for device development.
It has been shown-for PC microcavity lasers operating with full photonic gaps-that grading the hole size across the PC can increase the Q-factor by creating a photonic heterostructure. 15 Our case is different, the lasers operate on band-edge states, and so the electromagnetic field is delocalized across the whole device surface. A distributed feedback mechanism-and not the presence of a photonic gap-is responsible for light confinement. However, we have found that grading the hole radius across the PC-as shown in Figs. 1͑c͒ and 1͑e͒-leads to improved in-plane Q-factors. To confirm this, finite-difference time-domain ͑FDTD͒ 2D simulations were performed using the MEEP package developed at MIT ͑Ref. 17͒ ͑details of our simulation strategy can be found in Ref. 11͒. The calculated Q ʈ -factors increase from 63.5 to 126.5 following optimization of the standard PC resonators ͓Figs. 1͑b͒ and 1͑c͔͒. When the -shift is introduced, the values are slightly reduced, but an increase from 53.3 to 113.6 is still seen using the graded PC ͓Figs. 1͑d͒ and 1͑e͔͒. In both cases, therefore, grading the PC doubles the Q ʈ -factor.
The QC lasers were mounted in a cryostat for electrooptical characterizations. Figure 2͑a͒ shows the light-currentvoltage characteristics of devices with and without Q-factor optimization, and with and without -shift. Optimized devices ͑green and red curves͒ exhibit a lower threshold current density, and higher output peak power of Ϸ5 mW under pulsed operation at 78 K. Although the power measurements were performed while purging with dry nitrogen gas, we cannot attribute the output increase to the optimization procedure unambiguously. In fact, the emission frequency of nonoptimized devices falls almost exactly onto a water vapor absorption line ͓Fig. 2͑c͔͒. However, the measured T max are consistent with the threshold current density data, and in par- -shift, and with and without Q-factor optimization. The measurements were performed at 78 K, using a Peltier-cooled far-IR DTGS detector. The devices were operated at a 20 kHz repetition rate, with 300 ns wide pulses. ͑b͒ Temperature dependence of J th for the four devices; ͑c͒ Typical laser spectra of the devices. The devices without optimization lase on a water vapor absorption line, which could partially explain the lower measured output power.
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Chassagneux et al. Appl. Phys. Lett. 96, 031104 ͑2010͒ ticular follow exactly the calculated trend expected for the different Q ʈ -factors. It can be observed that the optimization procedure increases T max by 25 K, from 124 to 149 K, for PC lasers without -shift, and from 117 to 142 K with -shift ͓Fig. 2͑b͔͒. The emission spectra are single mode for all injected currents except for the structure with a -shift and optimization, which presents a very small deviation from a pure monomode behavior ͓Fig. 2͑c͔͒. The far-field emission patterns of the devices with Q ʈ -factor optimization were measured by scanning a Golay cell detector at constant distance from the lasers. ͑The scanning angles are defined in the central inset of Fig. 3͒ . In the absence of a phase-shift ͓Fig. 3͑a͔͒ a four-lobe far-field pattern is obtained, with a doughnut-like shape as is expected for PC lasers operating on band-edge states. The introduction of a -shift ͓Fig. 3͑b͔͒ yields a clear single-lobed far-field pattern instead, with an angular full-width-at-half-maximum cone of 12°ϫ 8°. The almost diffraction-limited angular spreading confirms that the electromagnetic field of the lasing mode is delocalized over the whole PC. The same 2D FDTD simulations, which allow us to estimate the Q ʈ -factor, also give the predicted far-field patterns, with the near-to-farfield conversion being performed using only the transverse electromagnetic fields in the holes. This procedure is justified because, at THz frequencies, the metallic PC lets energy flow out from the holes only. The predicted far-fields ͓Figs. 3͑c͒ and 3͑d͔͒ are in excellent agreement with the experiment, even for the weaker features.
In order to quantify the quality of the output beam, we employ a figure of merit recently used for mid-IR QC lasers, 18 and frequently used for antennas the directivity, defined as D = 10ϫ log 10 ͑2 I peak / I total ͒. It is the ratio of the peak intensity ͑I peak in Watts per steradian͒ in the far-field to the total emission power ͑I tot in Watts͒ into half space. We obtain a directivity D = 16.5 dB for the optimized structure without phase-shift, and D = 19.5 dB with phase-shift. For comparison a single-plasmon THz QC laser in ridge geometry typically exhibits a directivity of 14 dB, 3 while midinfrared QCLs with plasmonic collimators 18 yield a directivity of 26.9 dB.
The device design presented here stems from a trade-off between two requirements: on the one hand, angularly narrow beam-shapes, and reasonable output powers, in general require the mode to be delocalized over the photonic structure. This is the reason for operating over band-edge states with low group-velocity. On the other hand, an improved Q ʈ -factor is favored by spatially localized PC modes, which are characterized by reduced power out-flow at the device boundaries. Even in the absence of a photonic-gap, a graded structure can still strongly increase the Q-factor by inducing a gentle, smooth spatial confinement of the electromagnetic field in the resonator.
In summary, photonic-band engineering is a very powerful procedure for optimizing quality factors and, simultaneously, radiation patterns of PC lasers, even under electrical injection. Application to semiconductor THz lasers yields optimized performance and single-lobed, surface emission with high directivity. The design strategy is general, opening up opportunities also in other regions of the electromagnetic spectrum.
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